Abstract-New vibration pulses are developed for shear wave generation in a tissue region with preferred spectral distributions for ultrasound vibrometry applications. The primary objective of this work is to increase the frequency range of detectable harmonics of the shear wave. The secondary objective is to reduce the required peak intensity of transmitted pulses that induce the vibrations and shear waves. Unlike the periodic binary vibration pulses, the new vibration pulses have multiple pulses in one fundamental period of the vibration. The pulses are generated from an orthogonal-frequency wave composed of several sinusoidal signals, the amplitudes of which increase with frequency to compensate for higher loss at higher frequency in tissues. The new method has been evaluated by studying the shear wave propagation in in vitro chicken and swine liver. The experimental results show that the new vibration pulses significantly increase tissue vibration with a reduced peak ultrasound intensity, compared with the binary vibration pulses.
I. Introduction n oninvasive and quantitative measurements of tissue shear moduli have received great attention in recent years because the shear moduli vary by several orders of magnitude for various biological tissues [1] . shear-wave dispersion ultrasound vibrometry (sdUv) has been developed to noninvasively and quantitatively measure tissue shear moduli [2] [3] [4] [5] . The basic idea of the sdUv method is to numerically solve for material properties from measured shear wave phase velocities at several frequencies, based on a solution of the wave equation for the shear wave in isotropic and viscoelastic medium using the voigt dispersion model [6] : 
where v(ω) is the shear wave phase velocity at angular frequency ω; μ 1 and μ 2 are the shear elasticity and shear viscosity of the medium, respectively; and ρ is the density of the medium. sdUv induces shear waves using ultrasound radiation force [7] [8] [9] and estimates the shear moduli using shear wave phase velocities at several frequencies by measuring the phase shifts of the propagating shear wave over a short distance using pulse-echo ultrasound [4] , [5] , [10] [11] [12] [13] . applications of sdUv were conducted for characterizing the viscoelasticity of liver [3] , [14] , bovine and porcine striated muscle [15] , [16] , blood vessels [11] , [17] [18] [19] [20] , heart [21] , prostate [22] , and kidney [23] . a recent in vivo liver study shows that sdUv can be implemented on a clinical ultrasound scanner using an array transducer [24] . many studies of ultrasound vibrometry are reviewed in an article by Urban et al. [25] .
as shown in Fig. 1 , sdUv applies periodic binary vibration pulses to induce shear waves in a tissue region and transmits multiple detection pulses between the vibration pulses to detect the induced vibration. The induced shear wave includes the fundamental frequency of the periodic pulses, f v , and its harmonics, nf v . The binary vibration pulses and detection pulses can be interleaved and transmitted by an array transducer.
as shown in Fig. 2 , while the vibration beam applies ultrasound radiation force at one location, the detection pulses are transmitted to several other locations in a tissue region to measure the phase shifts of shear wave along a short distance Δd [2] , [4] , [5] , [10] . The phases of several harmonics are estimated at several locations and the phase velocity of each harmonic is calculated with the estimated phase shift Δϕ over a distance Δd [10] :
as shown in the previous reports, curve fitting has been used for estimating the shear elasticity, μ 1, and shear viscosity, μ 2 [10] . In those reports, the phase velocities v(ω) of four harmonics from 100 to 400 Hz were calculated based on the measured phase shift Δϕ of each harmonic of the induced shear wave. Then, curve fitting was used to estimate elasticity μ 1 and viscosity μ 2 using the four velocities and (1). shear wave velocities at higher frequencies are important for robustly estimating μ 1 and μ 2 . However, the amplitude of the shear wave decreases as the frequency increases. in an isotropic and viscoelastic medium modeled by the voigt dispersion model is [6] , [26] 
This equation indicates that the amplitude of the shear wave decreases as frequency increases at a rate of e −α(ω)d [6] , where d is the distance from the center of the radiation force application to the measurement location. as an example of the attenuation, Fig. 3 shows the shear wave attenuation coefficients using μ 1 and μ 2 values of livers at different stages of fibrosis [27] . The figure shows that the attenuation coefficient of cirrhotic liver is substantially different from livers without cirrhosis at higher frequencies. The figure is generated by using (3) with μ 1 and μ 2 values reported in [27] . The μ 1 values were 2.06, 2.24, 2.56, and 4.68 kPa for livers of normal healthy volunteers, patients without substantial fibrosis (F0-F1), patients with substantial fibrosis (F2-F3), and patients with cirrhosis (F4), respectively. The μ 2 values were 1.72, 2.39, 2.27, and 5.19 Pa·s for normal, F0-F1, F2-F3, and F4, respectively. The density was assumed to be 1000 kg/ m 3 . note that the attenuation coefficients at 600 Hz are about 6.5 to 8.5 times higher than those at 100 Hz. Using the attenuation coefficient for cirrhotic livers, shear waves would be attenuated by 32.6% and 92.6% over a distance of 5 mm at 100 Hz and 600 Hz, respectively. Using the attenuation coefficients of the normal livers, shear waves would be attenuated by 38.9% and 98.6% over a distance of 5 mm at 100 Hz and 600 Hz, respectively.
The substantial attenuation makes it difficult to obtain reliable data at higher frequencies as the distance increases for the binary vibration pulses. The powers of the harmonics of the binary vibration pulses monotonically decrease as the harmonic frequency increases, while the higher frequency shear waves suffer larger attenuation in propagation. on the other hand, the amplitude of the vibration pulse is limited by Fda regulatory limits for diagnostic ultrasound and the duration T w of the vibration pulse is limited by the f PrF of the detection pulses unless a special treatment is applied for nonuniform sampling [13] . Three main weaknesses of the binary vibration pulses are that: 1) the vibration power is limited by limited peak pulse amplitude and pulse width, 2) the vibration powers of higher harmonics of interest are low compared with the total vibration power, and 3) the vibration power slowly decreases as frequency increases, including those beyond the nyquist rate. The primary goal of this work is to develop new vibration pulses to increase the vibration intensity of interested harmonics with limited pulse amplitude and pulse durations.
II. method a method is developed to increase the power of the ultrasound radiation force at higher harmonics with a given peak amplitude. The method transmits multiple pulses in one fundamental vibration period T v , whereas the method using the binary vibration pulse only transmits one vibration pulse in period T v . The multiple pulses are selected according to a preferred spectral distribution using the approach introduced subsequently. multiple pulses in one vibration period are composed by sparsely sampling an orthogonal-frequency ultrasound Fig. 2 . a general diagram to show the foci of vibration and detection beams using an array transducer. The phase shifts of harmonics over a distance Δd are used to determine phase velocities. Fig. 3 . attenuation coefficient of liver in different stages of fibrosis increases with frequency. Fig. 1 . binary vibration pulses and detection pulses for sdUv. f v is the pulse repetition frequency (PrF) of vibration pulses, f PrF is the PrF of detection pulses, and T w is the pulse width of the vibration pulses. The vibration pulse and detection pulses are interleaved in time.
vibration (oFUv) wave, which is a summation of several sinusoidal signals that are orthogonal to each other:
where G(t/T ) is a gate function that has a unit value with a time duration of T and is zero outside of the T. The period T is selected so that the length of each sinusoidal signal is a multiple integer of period T v , f v = 1/T v is the lowest frequency or fundamental frequency, and A n and θ n are the amplitude and phase associated with the nth orthogonal frequency component. The value of A n increases as n increases to compensate higher loss at higher frequency in the tissues. In the example shown in Fig. 4(a) , the signal for oFUv is an weighted addition of one period of a 100-Hz sinusoidal signal, two periods of a 200-Hz sinusoidal signal, three periods of a 300-Hz sinusoidal signal, four periods of a 400-Hz sinusoidal signal, five periods of a 500-Hz sinusoidal signal, and six periods of a 600-Hz sinusoidal signal. The bottom plot of Fig. 4(a) shows the generated oFUv wave, which is a sum of the weighted sinusoidal signals with A n = 1, f n = 100n Hz, and T = 10 ms. In Fig. 4 (a), all six harmonics have the same amplitudes with zero dc values, they are displayed in one plot to illustrate the generation of the oFUv wave.
The orthogonality is achieved by ensuring that the length of each sinusoidal signal is a multiple integer of its period. The selection of the orthogonal frequencies is flexible, but all harmonics are multiple integers of the fundamental frequency. In this work, the fundamental frequency is 100 Hz, which gives a reasonable frequency range of the harmonics and is a good number for the interleaving scheme shown in Fig. 1 if the pulse repetition frequency of detection pulses is 2 or 4 kHz.
In our application, the amplitude of harmonics increases as the frequency increases and the variations between harmonic amplitudes depend on the shape of a desired spectral distribution. A n = n is used for Figs. 4(b) and 5 to illustrate the concept of enhancing the high harmonics using the graphic display. A n = n 2 was used in our experiments to increase the portion of the higher harmonics in the transmitted power.
The phase of each sinusoidal wave can be adjusted to obtain different shapes of the oFUv waves. a large number of random phases were randomly generated in a selection process that selects an oFUv wave for a desired dynamic range, which is a ratio between a peak value and a standard deviation. In Fig. 4(a) , the phases of the six sinusoidal waves are 183°, 74°, 148°, −161°, −116°, and 130°, respectively. Those phases are chosen so that the dynamic range is relatively small. If the phases of the orthogonal frequencies are changed to π, 0, π, 0, π, and 0 and the amplitude of each harmonic linearly increases as the frequency increases, we obtain the wave shown in Fig.  4 (b). note that the oFUv wave in Fig. 4 (b) has a dynamic range higher than that in Fig. 4 (a), which may be useful to produce vibrations with a large dynamic range. on the other hand, to transmit the same total power, the oFUv wave in Fig. 4 (a) requires a peak amplitude lower than that in Fig. 4 (b), which may be useful when the peak intensity of ultrasound is required to stay below the Fda regulatory limits. an oFUv wave having a long-time duration is used to achieve steady vibration and improve the spectral distribution. If we extend the oFUv wave by repeating the signal in Fig. 4 (b) ten consecutive times (T = 100 ms), we obtain the spectral distribution shown in Fig. 5(b) . as expected, the frequency resolution of the Fourier transform is increased as the periods of the oFUv signal increase. as shown in Fig. 5(b) , the power of this vibration signal is highly concentrated in a few harmonics of interest, with increased power in the higher frequencies.
The oFUv rF signal is obtained by modulating the baseband oFUv signal with large-carrier amplitude modulation (lc-am):
where A m is a constant such that the quantity A m + oFUv(t) is positive for all t, and ω c is the angular rF frequency of an ultrasound transducer. It is important to note that the ultrasound radiation force is proportional to ultrasound intensity or the square of the pressure [8] .
Thus, if the spectral distribution shown in Fig. 5(b) is the desired spectral distribution of the ultrasound intensity, the square root must be applied to the sum of A m and the oFUv signal in Fig. 4 (b) to prepare the rF signal that is applied to the transducer. because of the viscoelastic property of tissues, the dynamic range of induced vibration would be small using the continuous oFUv signal, because a recovery time is needed to allow a large dynamic response to the temporal changes of the excitation. Thus, the oFUv signal is sparsely sampled and the sample amplitudes are converted to the pulse-width modulation (PWm) pulses [28] , [29] . The separations between the samples allow tissue motion to be recovered before the next excitation pulse. The PWm uses pulse widths to represent the sample values, whereas pulse amplitude modulation (Pam) uses pulse amplitudes to represent the sample values. PWm pulses have the same amplitude and different widths, whereas the Pam pulses have the same width and different amplitudes, as defined in [30] . The oFUv signal can be sparsely sampled and quantized as either Pam or PWm pulses. The use of PWm for the implementation is easy because all PWm pulses have the same amplitude.
The procedure for sparsely sampling to obtain the PWm pulses is:
1) The oFUv signal (used in our experiment I) is generated by using (4). 2) determine how many samples per period. In Fig. 6 , there are seven pulses per period for oFUv pulses and one pulse per period for the binary pulses. The maximum width of the oFUv-PWm pulses is predetermined to control the total transmitted energy and also limited by the f PrF of the detection pulses so that the vibration pulses and detection pulses can be interleaved using an array transducer.
only two periods of the signals are shown in the left plots of Fig. 6 . The oFUv signal shown in Fig. 6(c) is generated from (4) with N = 6, f v = 100 Hz, A n = n 2 , and θ n = {π, 0, π,0,π, 0}. It is sampled and converted to the PWm pulses shown in Fig. 6(e) . There are also some minor adjustments of amplitudes and positions for the oFUv-PWm pulses shown in the Fig. 6 (e) to meet the requirement of the interleaving scheme with the detection pulses and a preferred spectral distribution.
The spectral distributions of the vibration waves and pulses with ten periods are shown on the right of Fig. 6 . They are obtained by taking Fourier transforms of binary pulses shown in Fig. 6(a) , the oFUv wave shown in Fig.  6(c) , and the oFUv-PWm pulses shown in Fig. 6 (e) with ten periods, respectively. as shown in Figs. 6(d) and 6(f), the powers of the oFUv wave and the oFUv-PWm vibration pulses are highly concentrated in the first six harmonics, which are the harmonics of interest for our sdUv applications, whereas the power of the binary pulses is almost uniformly distributed to all harmonics shown in Fig. 6(b) and is significantly large beyond the nyquist rate if the PrF is 2 kHz. This indicates that the oFUv pulses are more efficient than the binary pulse in terms of inducing the interested vibration harmonics with limited radiation force intensity.
III. Experiments and results
Two in vitro experiments were conducted to validate the method. In the first experiment, the maximum amplitudes of binary pulses and oFUv-PWm pulses were the same. In the second experiment, the total energies of the binary pulses and oFUv-PWm pulses were the same, so the amplitudes of the oFUv pulses were lower than the amplitude of the binary pulses. In the second experiment, the elasticity and viscosity of the tissue were estimated for different methods using more advanced devices.
A. Experiment I
In the first experiment, the binary vibration pulses and oFUv-PWm pulses shown in Fig. 6 (e) were applied to chicken liver tissue immersed in a water tank. Each vibration sequence consisted of 10 periods. Each period was 10 ms so that the fundamental frequency was 100 Hz and each pulse had a width of 0.2 ms or less. The oFUv pulses were modulated with a rF frequency of 3.37 mHz to induce vibrations in the tissue region. The detection transducer having a center frequency of 7.5 mHz was driven by broadband detection pulses. The detecting pulses had a PrF of 2.5 kHz and the echoes were sampled at 125 mHz with 14-bit resolution. The peak amplitude of the applied signals was the same for both binary and oFUv-PWm vibration pulses. Fig. 7 shows the block diagram of the experimental system at st. cloud state University used for this experiment. The system was similar to the setup described in our previous studies [4] , [5] , except the vibration pulses were different. both vibration and detection transducers were single element transducers. The vibration transducer had a diameter of 44.45 mm (1.75 in) with a focus at 69.85 mm (2.75 in) (cTs valpey corp., Hopkinton, ma) and the detection transducer had a diameter of 12.7 mm (0.5 in) and focus at 50.8 mm (2 in) (olympus, Waltham, ma). Initially, both transducers were focused at the same location and there was a small angle of 15° between two beam axes [5] . The angle was included to estimate the shear speeds [5] . a motion control device was used to move the detection transducer away from the center of the radiation force application and measurements were taken at various positions with the repeated vibration pulses for each measurement. The tissue vibrations over a small distance were estimated by processing the sampled echoes [4] , [5] . The displacements of the vibrations were estimated using the method described in [4] and the velocities of the vibration were estimated using the method described in [5] . note that the velocity of the vibration is perpendicular to the shear wave velocity.
Three plots on the left side of Fig. 8 show the displacements and spectral distributions of the vibration induced by the binary pulses at 1 mm away from the center, where the radiation force was applied. as shown in Fig. 8(a) , the maximum displacement is about 2 μm. as shown in Fig.  8(c) , the peak amplitudes of the displacement gradually decrease in frequency. note that the amplitude at 500 Hz is about 10 db less than that at 100 Hz, which may illustrate the reason that the most sdUv applications were limited to 400 Hz in previous reports [3] , [24] . as shown in Fig. 8(e) , the spectral amplitudes of the vibration velocity are about the same for all harmonics, which may be problematic because the harmonics near PrF/2 Hz are significantly high compared with those in the lower frequencies. It is anticipated that spectral components of the velocity beyond rPF/2 Hz are significant. If the velocity components are used for the phase shift estimation [5] , the aliasing will be severe.
Three plots on the right side of Fig. 8 show the displacements and spectral distributions of the vibration induced by the oFUv pulses at 1 mm away from the center, where the radiation force was applied. as shown in Fig. 8(b) , the maximum displacement is about 4 μm. as shown in Fig. 8(d) , the peak amplitudes of the displacement gradually decrease in frequency. note that the amplitudes from 200 to 600 Hz of Fig. 8(d) are about 10 db higher those of the same frequencies in Fig. 8(c) . as shown in Fig.  8(f) , the spectral amplitudes of the vibration velocity near PrF/2 Hz are much lower than those in the lower frequencies. It is anticipated that spectral components of the velocity beyond rPF/2 Hz are not significant compared with the six harmonics of interest.
note that the spectrum of the detected vibration velocity shown in Fig. 8(f) is remarkably similar to the theoretical spectrum of oFUv-PWm pulses shown in Fig. 6 (f). This shows that the vibration velocity is directly proportional to the radiation force or the vibration pulses. although the discussion of this cause is beyond this work, we think it may be caused by the viscosity that becomes more prominent at the higher frequency, because the oFUv pulses increase high-frequency harmonics to show the derivative relationship between the strain and stress in the tissue model.
The amplitude of 600 Hz in Fig. 8(d) is about the same as that of 200 Hz in Fig. 8(c) . It is anticipated that all six harmonics of the vibration induced by the oFUv pulses can be used in the phase velocity estimations for viscoelasticity estimation. If these velocity components induced by the oFUv pulses are used for the phase shift estimation [5] , the aliasing is relatively smaller than that of the binary pulses.
B. Experiment II
In first experiment, the peak excitation amplitudes of the binary pulses and the oFUv pulses were the same, and the oFUv method used a higher vibration energy than that of the binary pulses [28] , [29] . In this experiment, we adjusted the amplitudes of different vibration sequences so that the total transmitted energies are the same but the amplitudes of oFUv pulses are lower than the amplitude of the binary pulses to illustrate the usefulness and effectiveness of the oFUv method. The second objective is to compare the viscoelasticity estimates using the two different methods.
The experimental system shown in Fig. 9 was used for this experiment at shenzhen University. This system primarily consisted of an excitation unit and a sonixrP system (Ultrasonix medical corp., richmond, bc, canada) for detection. Two arbitrary signal generators (aFG3102, Tektronix Inc., beaverton, or) were used to generate the system timing and excitation waveform for inducing tissue vibration. The excitation wave modulated at 1 mHz was amplified by a power amplifier (a150; Electronics & Innovation ltd., rochester, ny) that drove the excitation transducer. The sonixrP system was used to detect the vibrations using a linear-array probe (l14−5W; Ultrasonix medical corp.). The linear-array probe had 128 elements and bandwidth of 65%. The central frequency of the linear-array probe was 5 mHz and the sampling frequency of the sonixrP was 40 mHz with a PrF of 2 kHz. The excitation transducer and detection probe were fixed on multi-degree adjustable brackets and were controlled by 3-axis motion stages. The excitation transducer was placed near the depth-lateral plane of the detection probe with a distance of about 2 cm between their edges. They were aligned confocally with a pulse-echo technique using a small sphere as a point target. The swine liver was embedded in gel phantom and placed in a water tank. The liver had an average thickness of about 4.5 cm with a size of about 10 × 6 cm. The vibration and detection were in a relatively uniform region that was 9 mm in depth from the surface of the phantom.
The vibration sequences used in this experiment include the binary pulses and oFUv-PWm pulses. The oFUvPWm pulses were designed to include nine harmonics, which were different from the pulses used in Experiment I. Each sequence has ten periods with a time period of 10 ms. The amplitudes of the oFUv were reduced so that the total vibration energy (A 2 T p /2) was the same for both Fig. 9 . Experimental system for oFUv applications. signal generator 1 produces trigger signals to synchronize the vibration pulses and detection pulses. signal generator 2 produces the modulated vibration pulses amplified and applied to the vibration transducer.
binary pulses and oFUv pulses, where A is the amplitude and T p is the total pulse width. The vibration pulse sequences generated by the signal generator were: 1) binary pulse sequence having one pulse per period with a pulse width of 100 μs and amplitude of 600 mv. The binary pulse and its spectrum are shown in Figs. 10(a) and 10(b), respectively. 2) oFUv-PWm pulses sequence having six pulses per period with a total pulse width of 532 μs (95 + 76 + 66 + 95 + 100 + 100 = 532) and amplitudes of 260 mv. The original oFUv wave of two periods was constructed with nine harmonics from 100 to 900 Hz with A n = n 2 . The oFUv-PWm pulses are shown in Fig. 10 (c) and their spectral distribution is shown in Fig. 10(d) .
The radiation force is applied to the liver phantom immersed in a water tank. The tissue vibrations and phase shifts were estimated at several locations in the lateral direction away from the center, where the radiation force was applied. Each location was separated by 0.475 mm. vibrations from 0.475 to 2.85 mm away from the center were estimated. The vibrations at 0.95 mm away from the center of the radiation force applied are shown in Fig. 11 .
The overall dynamic ranges of the vibration induced by the binary pulses are about twice higher than that of the oFUv pulses. The amplitude of the displacement induced by the binary pulses is more than 10 db higher than that of the oFUv pulses for the first three harmonics, but the harmonics of 500 Hz to 900 Hz of the oFUv pulses are higher than that of the binary pulses by about 5 db. There are four peaks in the detected displacements induced by the oFUv-PWm pulses, which play an important role in enhancing the higher harmonics. We found that the results of comparisons depended on locations. In this particular work, the oFUv-PWm pulses induced strong harmonics at high frequencies.
The shear elasticity and viscosity were estimated by using vibrations velocities calculated from six locations (0.475 to 2.85 mm). The velocities were calculated for four harmonics: 100, 200, 300, and 400 Hz for the binary pulses, whereas that of the oFUv-PWm was calculated for eight harmonics from 100 to 800 Hz. The velocities beyond 400 Hz with the binary pulses were obviously not usable. The detected velocities using binary and oFUv pulses were fit to estimate the shear elasticity and viscosity of the voigt model as shown in Figs. 12(a) and 12(b) , respectively.
Estimated shear elasticity and viscosity were 1.72 kPa and 5.89 Pa·s with sdUv binary pulses, and 2.33 kPa and 6.19 Pa·s with oFUv pulses, respectively. The goodnesses of fit are 0.79 and 0.85 for the binary and oFUv pulses, respectively. The goodness of fit is a difference between one and a ratio of root-mean-squared (rms) values of the fitting error and the measurements, and its ideal value is 1.0.
If we only used the first four velocities (100 Hz to 400 Hz) of the motion induced by the oFUv pulses for the fitting, the estimated shear elasticity and viscosity were 1.58 kPa and 4.94 Pa·s, respectively. If we used the first four phase velocities (100 to 400 Hz) of the binary pulses and the last four phase velocities (500 to 800 Hz) of the oFUv pulses for the fit, the estimated shear elasticity and viscosity were 2.05 kPa and 6.39 Pa·s, respectively. Those results indicate that the measurements at the high harmonics have significant impact on elasticity and viscosity estimates.
Iv. discussion
The theoretical derivation and experimental results demonstrate that the orthogonal-frequency ultrasound vibration pulses induce tissue vibrations with preferred spectral distributions. It increases the power of harmonics of interest of induced vibrations for robust estimations of ultrasound vibrometry. It maintains the advantage of the binary vibration pulses that they can be interleaved with the detection pulses for applications using an array transducer, which has the potential to be easily translated to clinical scanners for implementation. It is valuable for applications in which the peak ultrasound intensity is limited and the tissue attenuation is large.
because the tissue needs recovery time, we found that the continuous orthogonal wave does not induce tissue vibrations with a large dynamic range which is needed for phase velocity estimation. Therefore, the wave is sparsely sampled to provide a recovery time for tissue between pulses. as shown in Fig. 8(b) , there are three noticeable peaks in one period of the detected vibration, which correspond to three groups of seven PWm pulses in one period. The vibrations caused by the two adjacent pulses in one group cannot be separated, but they enhance each other for a larger displacement.
The oFUv pulses can be implemented in many different ways, Pam, PWm, and other modulation techniques. The pulse amplitudes, pulse width, pulse positions, and number of pulses per period can be designed and adjusted for preferred spectral distributions. We reported the vibration results induced by the oFUv-Pam pulses in earlier studies [28] , [29] . We found that the oFUv-Pam and oFUv-PWm produced similar results, but the oFUvPWm pulses are easier to implement because the PWm pulses have the same amplitudes.
If the amplitude of the oFUv-PWm pulses is the same as that of the binary pulses, the oFUv-PWm pulses produces more total acoustic energy than that of the binary pulses because of the multiple pulses per period with the same peak amplitude. In experiment I, the total acoustic energy of the oFUv-PWm is about 5.8 times higher than that of the binary pulses with the same peak intensity. as shown in Fig. 8 , the amplitudes of the harmonics from 200 to 600 Hz of the induced vibration using the oFUv- PWm pulses are higher than that of the binary pulses by 10 db. If the peak intensity is a major limitation factor, oFUv-PWm pulses are useful to increase vibrations with improved strength in high harmonics of interest.
as shown in experiment II, when the total acoustic energies of both methods are the same, the transmitted amplitude of the oFUv-PWm is significantly lower than that of binary pulses, by a factor of 56.67% (1 − 260/600). This reduction is important for transmitter circuit designs, which are often power limited. It may be significant for implementing ultrasound vibrometry in some existing ultrasound scanners that have limited transmission powers. The experiment result shows that the oFUv pulses significantly enhance the harmonics beyond 400 Hz, which is often a cut-off frequency for the useable harmonics in many previous reports of ultrasound vibrometry.
Using the oFUv pulses, the detectable harmonics are expanded in the frequency domain from 400 to 800 Hz, which may be important for improving the estimation accuracy of viscoelasticity of dispersive tissue. as shown in experiment II, the estimated elasticity using oFUv pulses is higher than that of binary pulses by about 35%. For tissue that is dispersive in frequency, the impact of viscosity becomes prominent at higher frequencies. The accurate estimation of the viscosity requires information in an extended frequency range. The accuracy of viscosity estimates plays an important role for the accuracy of elasticity estimates for dispersive tissue. nevertheless, this point requires additional extensive study, which is beyond the scope of this work.
one interesting phenomenon is that the spectral distribution of the vibration velocity is remarkably similar to that of the theoretical spectral distribution of the vibration pulses. considering the integration and derivative relations between the displacement and velocity, the design of the spectral distribution of the oFUv pulses may benefit from considering what will be originally measured in the applications.
v. conclusion
The orthogonal frequency ultrasound vibration (oFUv) pulses generate strong shear waves with a preferred spectral distribution when the peak ultrasound intensity is the same as that of the binary pulses. It enhances higher frequency shear waves and extends the shear wave propagation distance for robust estimations of shear wave velocity in the ultrasound vibrometry applications. on the other hand, when the total transmission energy is the same as that of the binary pulses, the amplitude of oFUv pulses is significantly lower than that of the binary pulses to achieve the comparable or better results than that of the binary pulses. The oFUv vibration pulses and the motion detection pulses can be interleaved and transmitted using an array transducer for sdUv applications. 
